The powder-blasting method is used to fabricate structures with a three-dimensional topography in glass using elastomeric masks. The relation between the mask opening width and the erosion depth is exploited to fabricate microstructures with varying depth in a single micropatterning step. As an application, planar three-dimensional micro-mixers were fabricated, which consist of a repeating convergent microfluidic nozzle structure. Three different designs of the micro-mixers were considered. The mixing of co-flowing laminar streams results from the generation of multiple vortices at the exit of the different convergent nozzles.
Introduction
Fabrication of three-dimensional (3D) microstructures with well-defined features and topographies is of great interest in different application areas including microfluidics, microoptics, micromechanics and biochemistry [1] [2] [3] [4] [5] [6] [7] . Particularly, microfluidics can benefit from such 3D complex structures by affecting the hydrodynamics of fluids flowing inside microchannels which can generate vortices at low Reynolds numbers. In general, microfluidic devices consist of a microchannel network for transporting fluids to regions where reactions, separation and analysis can be performed more rapidly and with less consumption of reagents. Usually, the dimensions of the channels are in the range of 10-100 μm, which result in low Reynolds numbers (Re ∼ 1) making the flow laminar. In some applications, laminar flow is advantageous [8, 9] , but it can pose a problem in applications where mixing of different fluids is required [10, 11] . Under laminar flow conditions, mass transfer between co-flowing liquids is mainly governed by molecular diffusion which is a very slow process, and mixing will hence take considerable time. To overcome such limitations, one of the proposed solutions is to generate 3D microfluidic structures with complex geometries [12] [13] [14] [15] . The fluid flow within such complex structures is subject to different distortions making the interfacial area between fluids increase by folding and stretching as the flow advances toward the channel outlet. Consequently, the fluids move in the cross-sectional plane perpendicular to the axial direction of the channel. This transversal motion is an indication of secondary flow development that is necessary to efficiently mix fluids by chaotic advection. In the literature, several 3D microfluidic structures have been proposed and are mostly fabricated using conventional clean room technologies such as photolithography and etching, to fabricate directly the microchannels or to prepare master moulds for their replication in polymers such us PDMS or PMMA materials [13, [16] [17] [18] [19] [20] [21] [22] [23] .
In general, the fabrication process requires multiple steps including lithography, alignment, replication and bonding, making the microfabrication process complex and expensive. Among most materials used for the fabrication of microfluidics systems, glass is still a preferred material for biochemical applications owing to its very interesting properties: (1) a high chemical resistance, (2) a good light transmission, allowing direct visualization of chemical reaction products, (3) high thermal and electrical resistance, allowing application of high voltage for electrophoretic separation and (4) a good mechanical stability allowing application of a high hydraulic pressure for transporting fluids inside the microchannels.
Moreover, due to its chemical inertness, the glass surface can be functionalized with biomolecules. There are many techniques to pattern glass, but most of them cannot produce 3D complex structures in a simple way and with few processing steps.
In this paper, we propose to fabricate 3D microfluidic channels in glass with well-defined features and topographies for mixing application as illustrated in figure 1 . The device channel is characterized by a continuous variation of its cross section and several curvatures. Consequently, the velocity of the fluid passing through the channel is a function of both axial location and the cross-sectional coordinates, which can engender the development of secondary flows that are beneficial for efficiently mixing fluids in the laminar regime through chaotic advection. For the fabrication of such complex structures, the powder-blasting technique is used. This technique has shown its potential to pattern many brittle materials such as glass, ferrite, silicon and lead zircone titanate (PZT) [24] [25] [26] [27] . Using a photosensitive elastomer, photolithography can be used to fabricate masks that resist powder blasting [28] . Moreover, it is found that the eroded depth depends on the mask feature size [29] . We have used this relation to fabricate microchannels with complex topographies in only a single masking and micromachining step. Different designs will be presented and tested to study the effect of the microchannel geometry and topography on the hydrodynamic flow patterns.
Materials and methods
A glass microscope slide is used as a substrate. The fabrication process consists of two steps: mask preparation and powderblasting machining: (a) LF55GN photosensitive elastomer (Macdermid, Cernay, France) is used as a masking material. More details of processing the photosensitive material can be found in previous work [30] . The elastomer presents a good erosion resistance to powder blasting [28] . Moreover, due to its photosensitive nature, photolithography can be used to fabricate the mask directly on the glass substrate. A mask with different features and high resolution can easily be obtained. The flexopolymer in a liquid form is deposited on glass by spin coating to get a 50 μm thick layer (see figure 2(a)). Thereafter, the elastomer layer is protected with a Mylar film to avoid mask contamination. After UV exposure through a specific mask, the Mylar film is removed and the unexposed elastomer is simply dissolved in a water-based solution. (b) A Texas Airsonics abrasive jet machine, type HP-2, is used to perform all the erosion experiments (see figure 2(b) ). The eroding powder consists of 30 μm size alumina particles (Al 2 O 3 ) with irregular shape and sharp edges. The description of the experimental set-up is given in more detail in previous work [24] and only experimental parameters giving uniform and reproducible results are used in this work. Basically, we work with a pressure of 2 bar, a powder-blasting nozzle-tosubstrate distance of 6 cm and a powder beam perpendicular to the substrate. The nozzle is allowed to move simultaneously in both x-and y-directions describing a 'zig-zag' path. The scanned area is limited to the microscope side glass surface, 7.5 × 2.5 cm 2 . The scan velocities of the nozzle in both x-and y-directions are set to 15 mm s −1 and 0.4 mm s −1 , respectively, which guaranty a uniform exposure of the sample to the abrasive jet. Figure 3 illustrates the design of the mask used to characterize the variation of the erosion depth with respect to the mask feature size. The mask consists of an array of circles with different diameters ranging from 100 μm to 1000 μm by an increment step of 100 μm. The sample was exposed to the powder beam for a certain time. Thereafter, the elastomer mask was removed and the etched depth of the obtained holes is measured with a 1 μm precision using an optical microscope. An objective with high magnification (40x) is used. Figure 4 shows the variation of the depth of the hole with respect to the mask size. As the mask size increases, the etched depth increases until a saturating value for the large mask size. The same behaviour is obtained for different processing times. The processing time corresponds to the time required for the powder beam to scan over the surface of the microscope slide glass (7.5 × 2.5 cm 2 ). For a processing time of less than 11 min, the etch depth is nearly constant for a mask width larger than 150 μm. From experimental results, we found that using 30 μm particles, 130 μm is the minimum feature size that can be processed in a controlled way. Thus, the only feature with an opening width larger than 150 μm is presented. This limitation can be lowered when small particles (<30 μm) are used [29] .
Results

Effect of mask feature size
Micromixer fabrication
Passive micro-mixers with a specific shape have been designed and fabricated to demonstrate the potential of our approach and to study the effect of 3D topography of the channel on the hydrodynamic flow and how it affects the mixing performance. Figure 5 is a schematic layout of Y-shaped mixers consisting of a serial mixer unit repeated along the channel axis. Three different mixer structures were designed with their dimensions displayed in the figure:
• structure 1 (mix A) with a triangular mixer unit along a straight channel; • structure 2 (mix B) where the triangular unit is repeated along a zig-zag channel; • structure 3 (mix C) where the comma-like shape unit is repeated along a serpentine channel.
The mixer unit is designed as a convergent nozzle oriented in the direction of the flow. In figure 5 , in the case of mix A structure for example, the feature lateral size of a triangular unit varies continuously from 1140 μm at its base to 160 μm at its vertex. Due to this continuous variation and by controlling the erosion time, a structure with a continuous varying depth is obtained, which makes possible the fabrication of a channel with a planar 3D topography in only one erosion exposure step. Figure 6 (a) is an optical photograph, after removal of the LF55GN masking layer, of the eroded channel (mix A) with the periodic triangular unit. The cross section of the channel in figure 6(b) shows clearly the continuous depth variation at each triangular unit along the channel axis. All triangular units present the same profile and dimensions indicating the stability of the powder-blasting micromachining process. The topography of the channel is investigated using an optical three-dimensional measurement technique (GFM-MikroCAD, Teltow/Berlin, Germany). This technique is based on a stripe projection onto a surface under a certain angle and uses a triangulation method to determine the topography of the sample. Figure 7 shows measured 3D shapes and the crosssectional profiles of the channel at two different positions corresponding to a wide and a narrow width of the mask. For the etching time of 30 min, the depth of the wider area is found to be 350 μm and 50 μm for the smaller one. This depth difference can easily be varied by controlling the machining time, as can be seen from figure 4. The dependence between the etched depth, the mask size and the machining time enables complex structures with multiple width and multiple depth to be easily fabricated in a single processing step.
After fabrication of the microfluidic channels, the glass substrate is bonded to a 4 mm thick PDMS layer using an oxygen plasma treatment. PDMS preparation is done used the Sylgard 184 Silicone Elastomer Kit. After mixing the two components in a ratio of 10:1, the liquid is poured in a rectangular reservoir mould with 4 mm in depth. Next, the solution is degassed and cured at 100
• C for 1 h. After demoulding, inlet and outlet holes are mechanically drilled into the PDMS. Finally, both the cleaned glass and the PDMS sheet are exposed to a plasma oxygen and immediately bonded. Figure 8(a) shows the photographs of two completed microfluidic devices. A coloured dye was injected inside the channel showing that no leakage had occurred. For testing the functionality of the mixer, figure 8(b) is a photograph of the experimental setup used which consists of a microscope, two syringe pumps and a CCD camera. In general, the evaluation of the mixing process was carried out by observing the colour or intensity of indicators being transported through the microchannel. In these experiments, phenolphthalein and sodium hydroxide NaOH were used as testing reagents.
Phenolphthalein, a pH indicator, changes colour from transparent to red when the pH is greater than 8. Only the interface between phenolphthalein and NaOH streams turns red, making possible to visualize how the topography of the channel affects the hydrodynamic of fluid flow. Two solutions of 0.1 M phenolphthalein and 0.3 M NaOH both dissolved in ethanol were injected into the micromixer. Different flows from 2 μl min to 150 μl min −1 have been investigated. For the three structures, the corresponding Reynolds number is in the range of 9-100. The results are shown in figure 9 for the three types of structures. In the left column, the structures are fabricated with an etching time of 30 min to guarantee the continuous depth variation at each mixing unit from 50 μm at the narrowest position to 300 μm at the widest location. In the right column, a mixing test was performed in a microstructure channel having a nearly uniform depth of 45 μm along the channel axis obtained after an experience time of about 9 min.
In general, for the three microstructures with a constant depth, in the right column, only incomplete mixing was observed. A colour change could be noticed only at the fluid interface. The thickness of the red portion gradually increases along the channel due to the pure diffusion because a laminar regime results for all testing flow rates. In the case of mixer structures with a variable depth in the left column, different phenomena are observed. For the three structures, a complete mixing is essentially achieved at flow rates below 20 μl min −1 , probably due to the relatively long residence time of the two fluids at each deep mixing unit. As the flow rate is increased, a quantitative change in the flow pattern is observed in terms of the appearance and development of recirculation zones in the entrance of the mixing unit. The mixing is completed only after the third mixing unit, depending on the geometry and the flow rate. In fact, with increasing flow rate, the fluid is accelerated at the exit of the throat of the mixing unit due to its shape acting as a convergent nozzle. From this local acceleration, two phenomena can be deduced: (i) the residence time of the liquids inside each unit is reduced, which can explain their partial mixing in the first three mixing units, and (ii) a gradient in the fluid velocity between the centre and the wall regions of the channel is induced, resulting in a radial motion of the fluid perpendicular to the flow direction and improving mass transport between central parts of the channel towards the walls. This acceleration is modulated as the flowing fluids are forced through a sequence of expansions and contractions resulted from the periodic profile of the channel. Due to this acceleration modulation, multiple vortices are formed within each mixing unit. Figure 10 illustrates the different vortices developed inside a channel with a triangular mixing unit at a flow rate of 140 μl min −1 ; the vortex shape and location change at each mixing unit 1 to 5.
Conclusions
We have proposed powder-blasting to fabricate threedimensional structures in glass. The dependence of the powder-blasting erosion depth on the mask opening width has been successfully used to fabricate a 3D microchannel topography with a continuous variation of the microstructure depth. The method was found to offer a considerable flexibility to design 3D structures in a single lithography step avoiding the need of multiple masks alignment. As an application, three different microfluidic mixers were fabricated and tested. The mixers were designed by repeating a basic mixing unit along the main channel axis. This mixing unit was designed as a convergent nozzle to create a local acceleration of the flowing fluids at its exit. The three mixers were tested at different flow rates ranging from 10 to 140 μl min −1 . At lower flow rates (<20 μl min −1 ), mixing occurs essentially by the diffusion mechanism. As the flow rate increases, several vortices appear at different locations of the mixer structure. Due to these vortices, a lateral motion of the fluid from the central part of the channel to the wall regions was generated, thereby improving the mixing efficiency.
